Pseudomonas aeruginosa displays a native resistance to a variety of inhibitory compounds, including many analogues of amino acids, purines, and pyrimidines. Therefore, it has been difficult to isolate analogue-resistant regulatory mutants which have been so valuable in other microbial species for the study of enzyme control mechanisms and for the study of amino acid transport and its regulation. However, we have found that increased sensitivity to growth inhibition by analogues can be demonstrated by manipulation of the nutritional environment. When P. aeruginosa is grown with fructose as the nutritional source of carbon and energy, the cells become sensitive to growth inhibition by ,8-2-thienylalanine and p-amino-phenylalanine, analogues of phenylalanine and tyrosine, respectively. Thus, mutants were isolated which are resistant to growth inhibition by ,B-2-thienylalanine and p-amino-phenylalanine when fructose is the carbon source, and many of the ,B-2-thienylalanine-resistant mutants overproduce phenylalanine. Several lines of evidence suggest that the increased sensitivity to growth inhibition by analogues of phenylalanine and tyrosine reflects a decreased rate of synthesis of aromatic amino acids or their precursors when fructose is the carbon source. This general approach promises to be valuable in the study of regulatory phenomena in microorganisms which, like P. aeruginosa, are naturally resistant to many metabolite analogues.
Regulatory mutants have been extremely useful in experimental systems used to investigate the molecular control of biochemical pathways in microorganisms. Metabolite analogues have commonly been used as selective agents for the isolation of regulatory mutants which usually possess mutations to constitutivity for enzyme synthesis or to the loss of allosteric specificities for regulatory enzymes.
Permeability mutants are also easily isolated by the selection of the analogue-resistant phenotype. The analogue technique has been used very effectively in studies in Escherichia coli, Salmonella typhimurium, and Bacillus subtilis. These bacteria are sensitive to growth 'This paper was presented in part at the 71st Annual Meeting of the American Society for Microbiology, Minne- apolis, Minn., [2] [3] [4] [5] [6] [7] inhibition by relatively low concentrations of a variety of metabolite analogues. However, it has been our experience in the course of comparative studies of microorganisms (Jensen, unpublished data) that many microorganisms are quite resistant to growth inhibition by various analogues. For example, species of Serratia, Streptomyces, and Pseudomonas are not significantly inhibited in the presence of various analogues of aromatic amino acids. Numerous reports in the literature document the general resistance of Pseudomonas aeruginosa to growth inhibition by analogues of amino acids, purines, pyrimidines, and vitamins (8) (9) (10) 18 ; J. A. Waltho, Ph.D. thesis, University of Melbourne, Melbourne, Australia, 1968 MATERIALS AND METHODS Bacteria. P. aeruginosa strain 1, originally obtained from B. W. Holloway (7) , was used for the isolation of analogue-resistant mutants. Auxotrophic derivatives of the wild-type parent strain were isolated as previously described (1) . The Media. The minimal salts medium used was a modification of that of Spizizen (16) Preparation of extracts. Cell-free extracts were prepared from cells grown at 37 C in a rotary shaker in 200 ml of glucose minimal medium. The following steps were carried out at 0 to 5 C. Cells were harvested from cultures in the late exponential phase of growth, centrifuged, washed with 200 ml of 0.1 M potassium phosphate buffer (pH 7.0), and resuspended in 5 to 10 ml 0.1 M phosphate buffer (pH 7.0). The cell suspension was disrupted by two 30-sec exposures to a sonic probe (Biosonik, Bronwill Instruments), and cell debris was removed by centrifugation at 27,000 x g for 20 min. Nucleic acid was precipitated by adding 1.0 ml of 2% protamine sulfate (adjusted to pH 6.5) per 10 ml of extract. The mixture was allowed to stand for 10 min, and the precipitate was removed by centrifugation at 27,000 x g for 20 min and discarded. The extract was dialyzed overnight against two changes of viously been tested for growth inhibition in P. aeruginosa, this is the first report of an analogue which inhibits at low concentrations and is effective for the isolation (even with a glucose carbon source) of regulatory mutants which overproduce the corresponding end product. Isolation of mutants resistant to TA and PAP. Crystals of the phenylalanine analogue, TA, and the tyrosine analogue, PAP, did not inhibit growth on plates containing a glucose carbon source, but with some other carbon sources inhibition by these compounds could be detected. The inhibition produced by TA and PAP was most pronounced on plates containing a fructose carbon source, and analogueresistant clones were present in the area of inhibition after several days of incubation. Although TA and PAP inhibited most strongly on fructose-containing plates, some enhancement of analogue sensitivity was achieved on plates containing other carbon sources. It was qualitatively apparent from results obtained on agar plates that TA has little or no effect when the carbon source is glucose, citrate, acetate, pyruvate, or glutamate, but dramatic inhibition occurs with glycerol as well as with fructose. Similarly, PAP is a much more potent inhibitor with pyruvate, glycerol, or fructose than with glucose, citrate, acetate, or glutamate. These results suggest that this procedure may be generally useful for selecting regulatory mutants which are otherwise difficult to isolate.
Eleven PAP-resistant and four TA-resistant mutants were isolated from fructose plates and tested for aromatic amino acid excretion by cross-feeding. None of the PAP-resistant mutants excrete detectable levels of any aromatic amino acids, and these isolates were not studied further. However, all four TA-resistant derivatives excrete phenylalanine. The mutation in one of the TA-resistant phenylalanine excretors, strain TA2, can be correlated with an alteration in prephenate dehydratase, the first enzyme in the pathway unique to phenylalanine biosynthesis. The specific activity of prephenate dehydratase in strain TA2 is similar to the wild type, but the enzyme from strain TA2 is more resistant to feedback inhibition by phenylalanine (Table 3) .
Differential effect of carbon source upon growth characteristics. The influence of carbon source upon TA inhibition was confirmed more quantitatively by determination of specific growth rates in liquid medium. With a glucose carbon source, TA at 50 or 500 Ag/ml produces a transient and quantitatively small inhibition followed by growth at a rate similar to that of the uninhibited control (Fig.  1) . In the presence of fructose as the carbon source, TA at 50 or 500 ug/ml reduces the specific growth rate 50 and 66%, respectively (Fig.  2) ; the cells continue to grow at the inhibited rate for at least 10 hr. As expected, phenylalanine specifically reverses the antimetabolite action of TA upon growth.
Surprisingly, supplementation with phenylalanine alone (or phenylalanine plus TA) reproducibly increases the growth rate in fructose-containing medium relative to the unsupplemented control (Fig. 2) . Fructose utilization in P. aeruginosa requires the induced synthesis of a specific transport system and of at least one of the enzymes required for fructose metabolism (15) . A growth experiment was carried out involving a shift of carbon source from glucose to fructose. Under such conditions of nutritional shift, the growth-stimulatory effect of phenylalanine was more pronounced (Fig. 3) . Also, TA increases the time required for the adaptation of glucose-grown cells to growth with fructose from about 4 hr to about 7 hr (Fig. 3) . Phenylalanine reverses the effect of TA during adaptation to growth at the expense of fructose and decreases the adaptive lag ob- served with the uninhibited control.
The other aromatic amino acids, tyrosine and tryptophan, also stimulate growth and reverse TA growth inhibition when fructose is the carbon source, producing results similar to Nature of the carbon source effect. The observation that, with a fructose carbon source, the cells become sensitive to analogues of phenylalanine and tyrosine, and the finding that supplementation with aromatic amino acids or shikimic acid produces growth stimulation with fructose suggested the possibility that cells growing on fructose are relatively limited in precursors for the synthesis of aromatic amino acids. If this were the case, it might be expected that the rate of phenylalanine excretion by regulatory mutant TA2 would be greatly reduced in fructose. The data in Table 4 those shown for phenylalanine in Fig. 2 and Fig. 3 . Furthermore, shikimic acid, a precursor in the common pathway leading to the aromatic amino acids, overcomes TA growth inhibition and stimulates the growth rate relative to the unsupplemented control in fructosecontaining medium (Fig. 4) Supplements were present at 50 gg/ml. The inoculum was grown in fructose. The lower curve shows the time course of adaptation to growth at the expense of shikimic acid in a flask in which fructose was omitted. (50) ATA (50) oTA (50) +SHK (50) *SHK (50) (-) FRUCTOSE / H ylalanine concentration in culture supernatant fluids of strain TA2 is more than fourfold greater in glucose than in fructose, when expressed as micrograms of phenylalanine excreted per milligram (dry weight) of cells. Considering the time factor, the rate of excretion with glucose (doubling time about 1.0 hr) is about ninefold greater than with fructose (doubling time about 2.3 hr). Consistent with the latter results, cross-feeding of phenylalanine auxotrophs by strain TA2 is markedly reduced on fructose-containing plates. DISCUSSION As part of an investigation of aromatic amino acid biosynthesis in P. aeruginosa, we wished to isolate amino acid analogue-resistant mutants 'which are altered in the regulation of the biosynthesis of aromatic amino acids. However, because of the native resistance of P. aeruginosa to most analogues, previous attempts to use this technique to isolate mutants with altered biosynthetic control mechanisms have been generally unsuccessful. In an attempt to reveal any inhibitory properties of amino acid analogues, twenty analogues were tested upon cells growing on seven different carbon sources. One of the analogues tested, 4FT, was found to inhibit growth strongly on all carbon sources. Resistant mutants are numerous on plates containing 10 jig of 4FT per ml, and many of these overproduce tryptophan. Thus, 4FT, which had not previously been described as a growth inhibitor of P. aeruginosa, inhibits at low concentrations and is effective in the isolation of regulatory mutants. In another member of this genus, P. putida, mutants resistant to high levels (200 to 500 gg/ml) of DL-5-fluorotryptophan (5FT) or 5-fluoroindole (5FI) have recently been isolated (13) . These mutants excrete anthranilic acid but not tryptophan (I. Crawford, personal communication), unlike the 4FT-resistant P. aeruginosa derivatives described here. This result implies a difference in the site of action of 4FT compared to 5FI and 5FT, or alternatively, a difference in the mode of regulation of tryptophan synthesis in these two species.
In contrast to the results with 4FT, other analogues produce significant growth inhibition in P. aeruginosa only with certain carbon sources. When growing at the expense of fructose, which is a poor carbon source (mass doubling time 2.3 hr versus 1 hr with glucose), the cells apparently are relatively limited in the biosynthesis of aromatic amino acids and become sensitive to the phenylalanine analogue TA and to the tyrosine analogue PAP. TA also inhibits the adaptation of cells to growth with fructose. Mutants resistant to these analogues have been isolated from fructose carbon source plates. Many of the TA-resistant regulatory mutants overproduce phenylalanine. The molecular basis for the resistance of one such mutant, strain TA2, was found to be decreased sensitivity of prephenate dehydratase to feedback inhibition by phenylalanine.
Several lines of evidence indicate that there is a relative limitation of aromatic amino acids or their precursors in cells of P. aeruginosa growing at the expense of fructose as the carbon source. (i) TA and PAP, analogues of phenylalanine and tyrosine, respectively, inhibit growth with fructose but not with glucose as the carbon source ( Fig. 1-3 ). (ii) The specific growth rate of cells growing with fructose is increased when supplemented with phenylalanine, tyrosine, tryptophan, or shikimic acid ( Fig. 2-4 ). These compounds do not stimulate the growth rate with glucose as the carbon source, and most nonaromatic amino acids do not stimulate growth in fructose. The increased growth rate in fructose medium supplemented with aromatic compounds does not reflect utilization of these compounds as carbon sources. (iii) The rate of phenylalanine excretion by strain TA2 is about ninefold greater with glucose than with fructose as the carbon source (Table 4) . Cross-feeding of phenylalanine auxotrophs by strain TA2 is very weak on fructose plates.
The detailed explanation for the relative limitation of aromatic amino acids in fructose is undoubtably complex. However, it has previously been demonstrated in other microorganisms that the relative rate of aromatic amino acid biosynthesis varies with different carbon sources. Champney and Jensen (3) found that the specific tyrosine excretion of a B. subtilis tyrosine excretor changed dramatically with different carbon sources. Davis (5) found that, with different carbon sources, different levels of aromatic amino acid end products are required for maximal growth of mutants of S. typhimurium and B. subtilis with partial (leaky) blocks in the common part of the aromatic pathway. Thus, the ability to alter the carbon flow through the aromatic amino acid biosynthetic sequence by changing the carbon source does not seem to be limited to P. aeruginosa.
Regardless of the specific mechanism involved, it is clear that growth at the expense of fructose as carbon source has reversed the natural resistance of P. aeruginosa to one class of inhibitory compounds. Accordingly, this has VOL. 109, 1972 371 made it possible to isolate mutants with altered biosynthetic control mechanisms in this widely studied microbial species.
